Background: Narcolepsy is caused by deficiency of neuropeptide orexin/hypocretin, of which downstream signaling pathways are unclear. Results: Orexin activates the mTOR pathway in the mouse brain and multiple cell lines expressing OX1R or OX2R. Conclusion: Orexin activates mTOR complex 1 (mTORC1) via calcium-stimulated lysosome v-ATPase pathway. Significance: mTORC1 may play a key role in the functions of orexin in physiology and metabolism.
The lack of the neuropeptide orexin, also known as hypocretin, results in narcolepsy, a chronic sleep disorder characterized by frequent sleep/cataplexy attacks and rapid eye movement sleep abnormalities. However, the downstream pathways of orexin signaling are not clearly understood. Here, we show that orexin activates the mTOR pathway, a central regulator of cell growth and metabolism, in the mouse brain and multiple recombinant cell lines that express the G protein-coupled receptors (GPCRs), orexin 1 receptor (OX1R) or orexin 2 receptor (OX2R). This orexin/GPCR-stimulated mTOR activation is sensitive to rapamycin, an inhibitor of mTOR complex 1 (mTORC1) but is independent of two well known mTORC1 activators, Erk and Akt. Rather, our studies indicate that orexin activates mTORC1 via extracellular calcium influx and the lysosome pathway involving v-ATPase and Rag GTPases. Moreover, a cytoplasmic calcium transient is sufficient to mimic orexin/GPCR signaling to mTORC1 activation in a v-ATPasedependent manner. Together, our studies suggest that the mTORC1 pathway functions downstream of orexin/GPCR signaling, which plays a crucial role in many physiological and metabolic processes.
Narcolepsy, a chronic sleep disorder that affects 1/600 to 1/2,000 individuals, is characterized by excessive daytime sleepiness and sleep attacks, as well as abnormal transition from wake to rapid eye movement sleep, manifested by cataplexy attacks, sleep paralysis, and hypnagogic hallucinations (1) . Deficiencies in signaling by the neuropeptide orexin/hypocretin have been linked to narcolepsy in humans, dogs, and mice (2) (3) (4) . Two orexin peptides, orexin-A and orexin-B, which are derived from the same prepropepetide, are produced exclusively by a small number (ϳ50,000) of neurons in the lateral hypothalamus of human brain (5, 6) . The unexplained loss of these orexin neurons is the most common cause for human narcolepsy. The orexin neurons spread projections throughout the whole brain and regulate a variety of important physiological processes such as sleep/wake cycle, reproduction, brown fat and bone development, feeding, and energy metabolism (7) (8) (9) (10) .
At the cellular level, orexin-A and B exert their effects by binding and activating either of two related GPCRs, 3 OX1R and OX2R (11) . Whereas orexin-A binds to OX1R and OX2R nonselectively, orexin-B preferentially binds OX2R with much higher affinity (6, 12) . A well studied cellular response to orexin is a dose-dependent transient increase in intracellular calcium concentration ([Ca 2ϩ ] i ). It is thought that this [Ca 2ϩ ] i surge is a result of extracellular Ca 2ϩ influx through TRPC3 and L-type Ca 2ϩ channels following the activation of phospholipase C by orexin/GPCR signaling (12) (13) (14) (15) .
Furthermore, orexin has been shown to activate multiple protein kinases such as PKA, PKC, mitogen-activated protein kinase (MAPK)/Erk, and PDK1 in various cell contexts (16) . Activation of a particular signaling pathway depends on the combination of the peptide (orexin-A or B), the receptor sub-* This work was supported in part by Welch Foundation Grants I-1608 type (OX1R or OX2R), and the cellular context. Because it is difficult to obtain cell lines naturally expressing the orexin receptors, the majority of these studies use recombinant cell lines engineered to express either OX1R or OX2R (16) . Despite the intense series of genetic and biochemical studies in the last 16 years, the downstream signaling pathways of orexin/GPCR are still not clearly understood. It is also uncertain which pathway plays a crucial role in mediating the many important functions of orexin in physiology and metabolism. Mammalian target of rapamycin (mTOR) is a serine/threonine protein kinase and a master regulator of cell growth and metabolism (17, 18) . mTOR exists in two distinct complexes: complex 1 (mTORC1) and complex 2 (mTORC2) (17) . mTORC1, which consists of mTOR, Raptor, mLST8, PRAS40, and DEPTOR, is much better studied than mTORC2 in terms of both upstream regulators and downstream substrates (17) . mTORC1 regulates cellular growth by increasing anabolic processes such as the macromolecular synthesis and nutrient storage and suppressing catabolic processes such as autophagy. For example, mTORC1 enhances the efficiency of protein synthesis by phosphorylation of the eukaryotic translation initiation factor 4E (eIF4E) binding proteins (e.g. 4E-BP1) and the S6 kinases (e.g. S6K1) (19 -21) . Activation of S6Ks promotes mRNA translation through several substrates such as the ribosome protein S6 (21) , eIF4B (20) , and eukaryotic elongation factor 2 kinase (22) . mTORC1 can be activated in response to a wide range of upstream signals such as nutrient, oxygen, and energy availability (18, (23) (24) (25) (26) as well as growth factors (e.g. IGF-1) signaling through the receptor tyrosine kinases (27) . Two major downstream signaling pathways, phosphatidylinositol-3 kinase (PI3K)-Akt and Ras-Erk, are involved in the activation of mTORC1 (24, 28) . The activity of mTORC1 is negatively controlled by the tumor suppressors tuberous sclerosis complex 1 (TSC1, also known as hamartin) and TSC2 (also known as tuberin) (29 -31) . TSC2 functions as a GTPase activation protein for the small GTPase Rheb, a direct activator for mTORC1. TSC2 can be phosphorylated by Akt (32) , Erk (33, 34) , and p90 RSK1 (35) . Phosphorylation of TSC2 suppresses its ability to inhibit Rheb, allowing Rheb-GTP to accumulate and activate mTORC1 on the surface of lysosome (34, 35) . Alternatively, Erk and RSK1 can phosphorylate the Raptor, which binds mTOR and recruits substrate to mTOR, to promote the mTORC1 activation (36, 37) .
Amino acids can activate mTORC1 by signaling to the vacuolar proton (H ϩ )-translocating ATPases (v-ATPase) from the lysosome lumen via an undefined "inside-out" mechanism (26) . The primary function of v-ATPase is to hydrolyze ATP and pump H ϩ into the lysosome to maintain its acidic environment (38, 39) . The v-ATPase physically interacts with Ragulator and controls the binding between the Ragulator and RAG complexes. As a result, v-ATPase regulates the guanine exchange factor activity of Ragulator to facilitate the exchange of GTP onto RagA and RagB GTPases (25, 26) . Activated RAG complex (RagA/B GTP -RagC/D GDP ) recruits mTORC1 to the lysosome surface for activation by Rheb (23, 40) .
There are a few reports of GPCR signaling to mTORC1 activation in the literature. A GPCR taste receptor T1R1/T1R3 plays a critical role in amino acid-stimulated mTORC1 activation (24) . It has been proposed that T1R1/T1R3 may function as a direct sensor for extracellular amino acids to rapidly and transiently activate Erk1/2 activity. Inhibition of Erk1/2 activation by U0126 diminishes the amino acids-stimulated mTORC1 activation (24) . Similarly, the GPCR ligand prostaglandin F2␣stimulated mTORC1 activation is sensitive to U0126, suggesting that MAPK/Erk is an important signal transducer from GPCR signaling to mTORC1 (28) .
Here, we show that the neuropeptide orexin can activate the mTORC1 pathway in the mouse brain and three recombinant cell lines expressing either OX1R or OX2R. Moreover, our studies suggest that the orexin-stimulated mTORC1 activation was independent of Erk and Akt in the hypothalamic N41 neuronal cell model. Rather, orexin/GPCR signaling activates mTORC1 via cytoplasmic calcium transient that triggers the lysosome v-ATPase pathway. These studies identified the mTORC1 pathway as a key component of the downstream signaling network of orexin/GPCR. The discovery of this orexin-mTORC1 signaling axis may have important mechanistic implications for the various functions of orexin in physiology and metabolism.
EXPERIMENTAL PROCEDURES
General Reagents and Antibodies-Orexin-A/B were obtained from Peptide Insitute, Inc. (Osaka, Japan), and IGF-1 was from ProSpec (Rehovot, Israel). MK-2206, rapamycin, and BI-D1870 were purchased from Selleck Chemicals (Houston, TX). AZD-6244, bafilomycin A1, and ionomycin were purchased from LC Laboratories (Woburn, MA). EBSS, Fura-2/ AM, and Lipofectamine 2000 were from Invitrogen. EGTA, BAPTA/AM, CaCl 2 , W7, and thapsigargin were purchased from Sigma-Aldrich. Universal nuclease was purchased Thermo Scientific Pierce (Rockford, IL). Saliphenylhalamide (saliPhe) was a generous gift from Dr. Jef DeBrabander at University of Texas Southwestern Medical Center.
Anti-ribosomal S6 kinase (p70 S6K), anti-phospho-Thr-389 p70 S6K, anti-phospho-Ser-422 eIF4B, anti-phospho-Ser-235/ 236 S6 ribosomal protein, anti-ERK1/2, anti-phospho-Thr-202/Tyr-204 ERK1/2, anti-Akt, anti-phospho-Thr-308 Akt, anti-phospho-Ser-473 Akt, anti-RagC, anti-Raptor, and U0126 were all purchased from Cell Signaling Technologies (Danvers, MA).
Cell Lines and Tissue Culture-Stably transfected HEK-293T cell lines expressing the OX1R or OX2R were described previously by Sakurai et al. (6) . The mouse embryonic hypothalamus N41 neuronal cell line (mHypoE-N41) was obtained from Cedarlane Laboratories, Ltd. (Burlington, NC), which were stably infected with retroviruses expressing OX1R (N41/OX1R) or OX2R (N41/OX2R). Mouse embryonic fibroblasts expressing OX1R (MEF/OX1R) was similarly generated. Transgenic cell lines were selected with puromycin (2 g/ml) and cultured in growth media consisting of high glucose DMEM supplemented with 10% FBS (Sigma).
Serum Starvation and Stimulation of Cells-Cultured cells were plated on six-well dishes at 40 -60% confluence. After 24 h, the cells were washed once with PBS and incubated in starvation medium (DMEM supplemented with 20 mM HEPES (pH 7.0)) for 24 h before IGF-1 (10 ng/ml), orexin-A/B (50 nM), ionomycin (1 M), or thapsigargin (5 M) treatment for 1 h in the serum-starved condition. All of the compounds such as rapamycin, EGTA, BAPTA/AM, saliPhe, and bafilomycin A1 as well as the various kinase inhibitors were added 10 min prior to addition of IGF-1 or orexin to the growth media.
Western Blot Analysis-Cells were rinsed once with ice-cold PBS and lysed in lysis buffer (20 mM HEPES (pH 7.4), 2 mM MgCl 2 , 1% SDS, and universal nuclease). After centrifugation at 13,000 rpm for 10 min, the soluble fractions of cell lysates were saved for further analysis. Equal amounts of protein samples were resolved by SDS-PAGE and transferred to PVDF membrane, and Western blotting was performed according to standard procedures using the corresponding antibodies.
RNAi in Mammalian Cells-The control GFP shRNA (shGFP) and the shRNAs targeting RagC (shRagC) were described previously (41, 42) . The oligonucleotides of lentiviral shRNAs were obtained from Sigma and cloned into plasmid pLKO.1-Hygro. The shRNA target sequence is as follows: mRagC-1, TGGCCATTATCAAGCTGAATA; mRagC-2, GTGGATATGCAGTCTTATGAA; and hRagC-1, TGGCAA-TTATCAAGCTGAATA; hRagC-2, GTGGATATGCAA-TCTTATGAA.
The shRNA-encoding plasmids were cotransfected with the pCMV-dR8.2 dvpr envelope and pCMV-VSVG packaging plasmids into actively growing HEK-293TD cells using Lipofectamine 2000 (Invitrogen) according to the manufacturer's instructions. Virus-containing supernatants were collected 48 h after transfection and passed through a 0.45-mm filter. Target cells in 10-cm culture dishes were infected in the presence of 8 g/ml polybrene. After 24 h, cells were selected with hygromycin for 3 days and then plated on six-well dishes at 40 -60% confluence. After 24 h, the cells were washed once with PBS and incubated in starvation medium for 24 h and then subjected to orexin-A (50 nM) or ionomycin (1 M) treatment for 1 h in the serum-starved condition.
Cell Viability Assay-Cell viability was measured by trypan blue exclusion test. N41/OX1R and N41/OX2R cells were seeded in six-well plates at a density of 2.5 ϫ 10 5 cells/ml and incubated overnight before serum starvation. Cells were serum starved in parallel incubated with the 50 nM orexin-A or orexin-B for 48 h. Cells were washed in PBS before staining with trypan blue dye at room temperature. The cell suspension was then applied to Bio-Rad TC20 TM Automated Cell Counter.
Cytoplasmic Ca 2ϩ Transient Assay-N41/OX1R and N41/ OX2R cells were incubated in the loading buffer (20 mM HEPES-Hanks, pH 7.4, containing 10 mM glucose, 0.1% BSA, and 4 M Fura-2/AM) for 1 h at 37°C. Cytoplasmic calcium levels were monitored by Functional Drug Delivary System FDSS 7000EX (Hamamatsu Photonics). Intracellular calcium was assessed by the excitation ratio at 340 nm/380 nm with emission at 505 nm.
Animal Studies-C57BL/6J wild-type mice or CAG/orexin transgenic mice (CAG/orexin) mice (45) were housed, and all experiments were conducted under humidity-and temperature-controlled conditions (22-25 Ϯ 1°C) on a 12-h light/dark cycle. Animals were high fat diet-fed 12 weeks before sacrifice.
At the indicated times, the animals were euthanized, and brain tissues were removed and frozen in liquid N2.
RESULTS
Orexin Activates mTORC1 in HEK293T Cells Expressing OX1R or OX2R-To investigate downstream signaling pathways of orexin, we used synthetic orexin peptides to treat human embryonic kidney (HEK)-293T cells that express either of two orexin receptors, OX1R and OX2R. These cell lines were previously used to biochemically purify orexin-A and B from rat brain extract as specific neuropeptide ligands for OX1R and OX2R (then as orphan receptors) (6) . We showed that orexin-A/B treatment induced the rapid phosphorylation of eIF4B at serine 422, the S6 kinase p70 S6K at Thr-389, and ribosomal protein S6 at Ser-235/236 and Ser-240/244 in the serumstarved 293T/OX1R and 293T/OX2R cells ( Fig. 1A ). All of these phosphorylation events are characteristic downstream markers for activation of the mTOR pathway. In contrast, the same orexin-A/B treatment could not induce any of these phosphorylation events in empty vector control HEK-293T cells (Fig. 1B) . Furthermore, rapamycin, a potent inhibitor of mTORC1, abolished the orexinA/B-induced S6K and S6 phosphorylation in the 293T/OX1R and 293T/OX2R cells (Fig. 1, C  and D) , suggesting that orexin/GPCR signaling specifically activates the mTORC1 pathway in human HEK-293T cells expressing either OX1R or OX2R.
Orexin Activates mTORC1 in Mouse Hypothalamic N41 Neuronal Cell Lines-Both orexins and orexin receptors are highly expressed in the brain, especially in the hypothalamus area (43) . Therefore, we wanted to study the orexin signaling in a more natural context such as in a neuronal cell model. However, it was difficult to identify established neuronal cell lines that naturally express detectable levels of OX1R or OX2R. Thus, we engineered the mouse embryonic hypothalamus N41 cell line to stably express OX1R or OX2R using retroviruses as described previously (6, 44) . Similarly, orexin-A or -B could rapidly activate the mTOR pathway as shown by both S6K and S6 phosphorylation in the serum-starved N41/OX1R and N41/ OX2R neurons, but not in the serum-starved N41/empty vector neurons (Fig. 2, A and B) . The orexin-A/B-induced mTORC1 activation could also be abolished by rapamycin treatment (Fig.  2, C and D) . In accordance with that, mTORC1 is a central regulator of cell growth, we observed that orexin-A/B treatment could enhance the growth/survival of serum-starved N41/OX1R and N41/OX2R neurons in the serum-starved condition, and this effect of orexin-A/B was alleviated by rapamycin treatment ( Fig. 2E ). Taken together, these studies indicate that orexin/GPCR signaling can promote cell growth/survival through the activation of the mTORC1 pathway.
Overexpression of Orexin Causes Hyperactivation of mTOR in the Mouse Brain-Previous studies showed that the CAG/ orexin transgene expressed severalfold higher levels of orexin-A and B in the mouse brain and could rescue the narcolepsy and cataplexy phenotype of mice lacking the endogenous orexin-producing neurons (45) . To study whether orexin activated the mTOR pathway in vivo, we examined the effect of orexin overexpression on the mTOR activity in whole brain extracts of wild-type and CAG/orexin mice fed on high fat diet (46) . In three of four mice, we observed significantly higher levels of phosphorylations of S6K, S6, and Erk1/2 in the CAG/ orexin brain extracts than wild-type brain extracts (Fig. 2F ). This in vivo experiment suggests that overexpression of orexin can cause hyperactivation of the mTOR pathway in the mouse brain.
Orexin Activates mTORC1 Independent of Erk and Akt-As reported previously (47) , we observed that orexin-A treatment induced the phosphorylation and activation of the MAPK kinase/MEK1/2, MAPK/Erk, and RSK in the N41/OX1R neurons ( Fig. 3A) . Pretreatment of N41/OX1R cells with the MEK1/2 inhibitor, U0126 or AZD6244, increased phosphorylation of MEK1/2, but inhibited the phosphorylation of the downstream substrates Erk1/2 and RSK ( Fig. 3B ). At 10 M concentration, both U0126 and AZD6244 abolished the orexininduced Erk1/2 and RSK phosphorylation (Fig. 3B ). However, neither treatment had any noticeable effect on the orexin-induced mTORC1 activation as measured by the level of S6K and S6 phosphorylation (Fig. 3B) . Similar results were obtained with the RSK inhibitor, BI-D1870, which enhanced phosphorylation of RSK, but did not affect the orexin-stimulated mTORC1 activation (Fig. 3C) . These results suggest that the MAPK/Erk and RSK does not play a critical role in the orexin-induced mTORC1 activation.
However, IGF-1, but not orexin-A, could induce rapid and robust activation of Akt kinase in the N41/OX1R neurons (Fig.  3D ). Pretreatment of N41/OX1R cells with the Akt inhibitor, MK-2206, abolished the IGF-1-induced activation of Akt as well as the mTORC1-mediated S6K and S6 phosphorylation (Fig. 3E) . In contrast, the same MK-2206 treatment had no effect on the orexin-induced S6K and S6 phosphorylation (Fig.  3E ). Furthermore, inhibition of both Erk and Akt activation did not affect orexin-stimulated mTORC1 activation either (Fig.  3F ). Therefore, we concluded that orexin could activate mTORC1 via an Erk-and Akt-independent pathway.
Orexin-induced mTORC1 Activation Is Dependent on Extracellular Calcium Influx-In the N41/OX1R and N41/OX2R neurons, orexin-A/B treatment could induce rapid increase in [Ca 2ϩ ] i and mTORC1 activation in a corresponding dose-dependent manner (Fig. 4, A and B) . To determine whether extracellular Ca 2ϩ is essential for orexin signaling to mTORC1, we cultured N41/OX1R neurons in media that contained or lacked Ca 2ϩ ion. The results showed that extracellular Ca 2ϩ greatly enhanced both orexin-A and IGF-1-induced S6K and S6 phosphorylation ( Fig. 4C ). Addition of EGTA, an extracellular Ca 2ϩ chelator, to the growth media diminished orexin-induced S6K and S6 phosphorylation, consistent with that Ca 2ϩ influx from extracellular space is the primary response of orexin signaling (Fig. 4D) . In contrast, EGTA partially reduced IGF-1-induced S6K and S6 phosphorylation (Fig. 4D ). This is because IGF-1 could trigger both extracellular Ca 2ϩ influx and release of Ca 2ϩ from intracellular stores (48, 49) . Accordingly, treatment of BAPTA/AM, a cell permeable Ca 2ϩ chelator, abolished both orexin-A and IGF-1-induced S6K and S6 phosphorylation (Fig.  4E) . A similar result was obtained with orexin-B treatment of N41/OX2R cells (Fig. 4F) . Moreover, extracellular Ca 2ϩ was essential for the orexin-induced Erk1/2 phosphorylation, but not the IGF-1-mediated activation of Akt (Fig. 4, C and D) . Taken together, these results indicate that extracellular Ca 2ϩ influx is required for orexin-induced mTORC1 activation. Orexin Activates mTOR NOVEMBER 14, 2014 • VOLUME 289 • NUMBER 46
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Orexin Activates mTORC1 via the Lysosome v-ATPase Pathway-Both amino acids and growth factors-induced mTORC1 activation require the lysosome v-ATPase-Ragulator-RAG pathway (18, 25, 26, 40) . To examine whether this lysosome pathway is also required for the orexin-induced mTORC1 activation, we treated N41/OX1R and 293T/OX1R cells with two specific v-ATPase inhibitors, saliPhe (50) and bafilomycin A1 (51) . In both cell lines, saliPhe inhibited the orexin-A-induced S6K and S6 phosphorylation in a dose-dependent manner (Fig. 5A) . Likewise, bafilomycin A1 blocked both orexin-A and IGF-1-stimulated mTORC1 activation (Fig.  5B) . A similar phenomenon was observed with orexin-B treatment of the N41/OX2R and 293T/OX2R cells (Fig. 5C ). Furthermore, small hairpin RNA (shRNA)-mediated knockdown of RagC GTPase reduced the orexin-induced S6K and S6 phosphorylation in the 293T/OX1R cells (Fig. 5D ). Because we could not achieve efficient shRNA-mediated knockdown in the N41/ OX1R neurons, we constructed MEFs expressing OX1R as a substitute for this experiment. In the MEF/OX1R cells, orexin-A also activated the mTORC1-mediated phosphorylation of S6K and S6, which was diminished by the shRNA-mediated knockdown of RagC expression (Fig. 5D ). These results demonstrate that orexin/GPCR signaling stimulates mTORC1 activation via the lysosome v-ATPase-Rag GTPase pathway.
Intracellular Calcium Surge Stimulates mTORC1 Activation in a v-ATPase-dependent
Manner-Because Ca 2ϩ influx was essential for the orexin-induced mTORC1 activation (Fig. 3) , we wanted to ask whether an intracellular Ca 2ϩ surge was sufficient to mimic orexin signaling to mTORC1. To address this question, we incubated N41/OX1R cells with ionomycin or thapsigargin. Whereas ionomycin triggers extracellular Ca 2ϩ influx, thapsigargin causes the release of Ca 2ϩ from intracellular stores (52, 53) . Our studies showed that both ionomycin and thapsigargin efficiently induced the phosphorylation of S6K and S6, which were abolished by BAPTA/AM treatment (Fig. 6,  A and B) . This intracellular calcium-stimulated S6K and S6 phosphorylation was also abolished by rapamycin treatment (Fig. 6C ), suggesting that cytoplasmic Ca 2ϩ increase is sufficient to mimic orexin signaling to mTORC1 activation in the N41/OX1R cells.
In contrast, ionomycin, but not thapsigargin, resulted in the activation of Erk1/2 (Fig. 6, A and B) . Moreover, orexin-induced phosphorylation of Erk1/2 was only inhibited by EGTA, an extracellular Ca 2ϩ chelator, but not by BAPTA/AM, an extracellular Ca 2ϩ chelator (Fig. 4, D and E) . These results suggest that the event of Ca 2ϩ influx through plasma membrane, but not the subsequent cytoplasmic Ca 2ϩ surge, is responsible for orexin-stimulated activation of the MAPK/Erk pathway. Together with our finding that orexin does not activate Akt, these results further support our conclusion that orexin induces mTORC1 activation independent of Erk and Akt.
Furthermore, this intracellular calcium-stimulated mTORC1 activation was diminished not only by pharmacological inhibition of v-ATPase activity by saliPhe or bafilomycin A1 (Fig. 6, D  and E) , but also by the shRNA-mediated knockdown of RagC GTPase (Fig. 6F ). Taken together, our studies suggest that cytoplasmic calcium transient is necessary and sufficient for orexin/ GPCR signaling to stimulate mTORC1 activation through the lysosome v-ATPase-Ragulator-RAG pathway.
DISCUSSION
Although orexin and its receptors were discovered 16 years ago, their downstream signaling pathways have not been fully characterized. Here, we have discovered that orexin/GPCR signaling results in rapid and robust activation of the mTORC1 pathway in human HEK-293T cells, MEFs, and mouse hypothalamic N41 neurons that express either OX1R or OX2R. Accordingly, overexpression of orexin caused hyperactivation of the mTORC1 pathway in the CAG/orexin mouse brain. In contrast to previous reports of Erk-dependent mTORC1 activation in response to GPCR signaling (24, 28), we showed that neither of the two well known upstream mTORC1 activators, Erk and Akt, played a critical role in orexin/GPCR signaling to the mTOR pathway. Rather, the orexin-induced mTORC1 activation is dependent on cytoplasmic calcium transient that activates the lysosomal v-ATPase pathway through an unknown mechanism. This study uncovers a novel regulatory link that the mTORC1 pathway functions as a key component of orexin/ GPCR signaling network.
Involvement of Calcium in mTORC1 Activation-It is known that intracellular Ca 2ϩ transient is also necessary for the activation of mTORC1 in response to amino acids and growth factors (24, 52, 54, 55) . However, the mechanism of calcium involvement in mTORC1 activation remains unclear. Previous studies proposed that mTORC1 formed a "signalosome" in the phosphatidylinositol 3-phophate-rich endosome structure (56) . Amino acids could increase intracellular Ca 2ϩ level to enhance Ca 2ϩ /calmodulin interaction with hVps34, thus activating hVps34 kinase activity and elevating the phosphatidylinositol 3-phophate level on the endosomes (54, 57) . However, a recent study contradicted this idea by showing that hVps34 bound to calmodulin, but its activity was not suppressed by BAPTA, EGTA, or calmodulin-inhibitor W7 in vivo (58) . Furthermore, the function of Vps34 in mTORC1 activation was not substantiated by genetic studies in Drosophila, although the amino acid-induced TORC1 activation is conserved from yeast to mammals (59) . In our study, neither PI3K inhibitors nor calmodulin-inhibitor W7 had any effect on the orexin-stimulated mTORC1 activation (data not shown). Thus, more detailed studies are required to elucidate the specific role of calcium in mTORC1 activation in the future.
How Does Calcium Signal to Lysosome v-ATPase?-We have shown that intracellular calcium surge is sufficient to mimic orexin/GPCR signaling to activate mTORC1 through the lysosome v-ATPase pathway. The v-ATPases are highly conserved proton pumps consisting of a peripheral membrane sub-complex called V 1 , which contains the sites of ATP hydrolysis, and (n ϭ 4) . B, serum-starved N41/OX1R or N41/OX2R cells were stimulated with orexin-A or orexin-B for 1 h. C, serum-starved N41/OX1R cells were placed in EBSS media with or without 2 mM CaCl 2 5 min before IGF-1 or orexin-A treatment for 1 h. D and E, serum-starved N41/OX1R cells were pretreated with 2 mM EGTA (D) or 20 M BAPTA/AM (E) before IGF-1 or orexin-A treatment for 1 h. F, serum-starved N41/OX2R cells were pretreated with 2 mM EGTA or 20 M BAPTA/AM before orexin-B treatment for 1 h. Phosphorylations of Erk1/2, AKT, S6, and S6K at specific residues were evaluated by Western blotting.
FIGURE 5. Orexin activates mTORC1 via the lysosome v-ATPase pathway.
A, serum-starved N41/OX1R and 293T/OX1R cells were treated with 50 nM orexin-A in the absence or presence of saliPhe. B, serum-starved N41/OX1R and 293T/OX1R cells were treated with orexin-A or IGF-1 for 1 h in the absence or presence of 10 M bafilomycin A1. C, serum-starved N41/OX2R and 293T/OX2R cells were treated with 50 nM orexin-B in the absence or presence of saliPhe or bafilomycin A1. D, 293T/OX1R and MEF/OX1R cells were infected with control shGFP or shRagC lentivirus for 24 h. After hygromycin selection for 72 h, the shRNA knockdown cells were serum-starved for 24 h followed by orexin treatment for 1 h. Western blotting was performed to examine the levels of S6K, RagC proteins as well as the phosphorylation of S6 and S6K.
an integral membrane subcomplex called V 0 , which encompasses the proton pore and is attached to V 1 (60) . The ATPase activity of the v-ATPase and the associated rotation of its V 0 section appear to be essential to relay the amino acids signal from the lysosome lumen to the Ragulator and Rag GTPase complex on the lysosome surface, but exactly how the v-AT-Pase functions to do so is unknown (26) . A previous study reported that v-ATPases exhibited both Mg 2ϩ -and Ca 2ϩ -dependent ATPase activity (39, 61) . Unlike the Mg 2ϩ -dependent v-ATPase activity, the Ca 2ϩ -dependent v-ATPase activity decays with time and is inhibited by ADP in vitro (61) . Additionally, the proton pump activity is detected only in the presence of Mg 2ϩ , but not in the presence of Ca 2ϩ (39) . Thus, the differential regulation of v-ATPase by Mg 2ϩ and Ca 2ϩ may provide a potential mechanism for the cytoplasmic Ca 2ϩ surge to directly regulate the functional state of v-ATPase and couple it to mTORC1 activation on the lysosome surface. There are more than 800 GPCRs encoded by the human genome, of which mainly the Gq-coupled GPCRs upon activation trigger intracellular calcium transient. It is plausible that activation of the mTORC1 pathway is a general cellular response to Gq-coupled GPCR signaling in a wide variety of physiological processes. Thus, it is important to investigate the detailed mechanism by which calcium activates lysosomal v-ATPase to stimulate mTORC1 activation in the future.
Does the mTORC1 Pathway Contribute to Functions of Orexin in Physiology and Metabolism?-Because mTORC1 is a central regulator of cell growth and metabolism, we postulate that the mTORC1 pathway may play a key role in mediating the functions of orexin in many physiological processes such as sleep/wake cycle, development, feeding behavior, and energy homeostasis.
Narcolepsy patients, who lack the orexin/GPCR signaling in the brain, tend to be overweight (62) . Conversely, prolonged orexin overexpression in mice prevents the high fat diet-induced obesity and insulin resistance by enhancing the "satiety hormone" leptin signaling (46) . It has been reported that mTORC1 signaling is required for the suppressed food intake and enhanced sympathetic activity induced by leptin (63, 64) . Although the detailed mechanism remains unclear, our present results suggest that orexin/GPCR and leptin signaling converges on the mTORC1 pathway to negatively regulate food intake and metabolism. Consistent with this hypothesis, activated mTORC1 regulates energy homeostasis through multiple mechanisms. For example, mTORC1 positively regulates the activities of SREBP1 and PPAR␥, the two transcription factors that control expression of proteins involved in lipid and cholesterol homeostasis (65, 66) . Moreover, mTORC1 activates the transcription factor HIF1␣ to stimulate specific metabolic pathways, including glycolysis and the oxidative arm of the pentose phosphate pathway (65, (67) (68) (69) . Therefore, the orexin-mTORC1 signaling axis may provide a plausible explanation for the metabolic phenotypes resulting from chronic gain or loss-of-function of orexin/GPCR signaling. Finally, a complete understanding of orexin/GPCR signaling network is essential to understanding the functions of orexin from cellular to organismal levels and for developing new therapeutic approaches to restore the balance of the orexin/GPCR signaling system disturbed in many disease states. or presence of 20 M BAPTA/AM. C, serum-starved N41/OX1R cells were treated with thapsigargin or ionomycin in the absence or presence of 20 nM rapamycin. D, serum-starved N41/OX1R cells were treated with 1 M ionomycin for 1 h in the absence or presence of 5 M or 10 M bafilomycin A1. E, serum-starved N41/OX1R cells were treated with 5 M thapsigargin for 1 h in the absence or presence of 10 M saliPhe or bafilomycin A1. F, 293T/OX1R cells were infected with control shGFP or shRagC lentivirus for 24 h. After hygromycin selection for 72 h, the infected cells were serum-starved for 24 h followed by ionomycin treatment for 1 h. The levels of S6K, RagC, and Raptor and phosphorylations of S6 and S6K were detected by Western blotting.
